City University of New York (CUNY)

CUNY Academic Works
Dissertations and Theses

City College of New York

2016

"Molecular Analysis of Virulence Factors Unique to Leptopilina
heterotoma-a Parasitic Wasp of Drosophila spp."
Noelle Dziedzic
CUNY City College

How does access to this work benefit you? Let us know!
More information about this work at: https://academicworks.cuny.edu/cc_etds_theses/603
Discover additional works at: https://academicworks.cuny.edu
This work is made publicly available by the City University of New York (CUNY).
Contact: AcademicWorks@cuny.edu

Molecular Analysis of Virulence Factors Unique to Leptopilina heterotoma-a Parasitic Wasp of
Drosophila spp.

Master’s Thesis
Noelle Dziedzic
The City College of the City University of New York
Division of Science
Department of Biology
160 Convent Avenue
New York, New York 10031
Mentor: Dr. Shubha Govind
Thesis Committee Members:
Dr. Shubha Govind
Dr. Jonathan Levitt
Dr. Tadmiri Venkatesh

1

Table of Contents
Acknowledgements

3

Abstract

4

Introduction

5

Methods and Materials

8

Results

13

Discussion

20

References

23

Tables

26

Figures

27

2

Acknowledgements
I would like to thank Dr. Shubha Govind for inspiring me to pursue research in the field
of fly genetics after taking her graduate course, allowing me to conduct my thesis work in her
lab, and for providing guidance and support throughout this journey on my way to becoming a
scientist. I would also like to thank Mary Ellen Heavner for taking me under her wing, training
me in fly work, molecular techniques and yeast genetics with incredible patience. She also
shared results of her work prior to publication. I am grateful to Dr. Johnny Ramroop for sharing
unpublished results, his help with microscopy, Western blots and for keeping my spirits up
during long days in the lab. Brian Wey generously shared his extensive molecular biology
knowledge and was the first lab member to teach me fly/wasp husbandry. I would like to thank
Jonathan Crissman in Dr. E. Miller’s lab at Columbia University for his assistance with the yeast
Synthetic Genetic Array screen. I would like to thank Michelle Batchu, Joyce Chan, Jennifer
Chou and Zubaidul Razzak for intriguing and stimulating scientific discussion and for all the joy
which kept the lab environment a fun place to work. I would also like to thank our work-study
students for maintaining the lab, and the Department of Biology, RCMI and CCNY core
facilities for resources and assistance. I am grateful to my committee members Prof. Jonathan
Levitt and Prof. Tadmiri Venkatesh for their feedback. Finally, I would like to thank John
Reusch for his assistance with Photoshop and love and support, in addition to the support of
friends and family.

3

Abstract
Endoparasitioid wasps of Drosophila spp. frequently avoid or overcome the immune
defense mechanisms of their fly hosts. Leptopilina heterotoma (Lh) is a generalist wasp species,
successful on many Drosophila spp. world-wide. During oviposition, the female wasp introduces
venom proteins and virus-like particles (VLPs) into developing fly larvae. VLPs are endocytosed
by plasmatocytes, a macrophage-like blood cell that is the most abundant hemocyte present in
the circulating hemolymph. Once internalized, VLPs destroy plasmatocytes by programmed cell
death.
To understand the contributions of VLP proteins in VLP trafficking within host cells, we
took advantage of proteomic data from purified Lh VLPs. Two novel enzymes encoded by
venom gland cDNA clones 9A08 and 2E04 were identified. To understand how 9A08 exerts
virulence, an unbiased and comprehensive Synthetic Genetic Array (SGA) screen covering all
yeast genes was done to identify the cellular pathways or genetic networks most affected by
9A08 overexpression. While several potential categories of functionality were discovered, the
most relevant interactions pointed to 9A08 functioning in retrograde transport and vacuolar
protein sorting, leading us to hypothesize that 9A08 helps mediate endocytosis of VLPs in fly
plasmatocytes. We will also discuss the precise endocytic retrograde trafficking routes that VLPs
take before they are disposed or kill plasmatocytes.
The most prominent co-localization of p40 occurred with compartmental marker signals
of the late endosomes, marked by Rab7-GFP; higher VLP signals correlated with late endosomes
in plasmatocytes for animals that underwent a longer post-infection recovery time. Some colocalization of VLP was also observed with the Rab5-GFP as well.
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Introduction
A wide variety of parasitic wasps of the fruit fly Drosophila spp. has been identified
(Small et al. 2012; Carton et al. 1986). As obligate parasites, they attack fruit fly larvae or pupae,
and disrupt the fly’s natural development. They have developed mechanisms to weaken or
destroy the host’s immune system and some of them deposit proteins and particles that interact
with or destroy larval hemocytes (Labrosse et al. 2005; Rizki & Rizki 1984). Within the fly
puparium, the wasp larva feeds on the host larva and pupa, and subsequently hatches from the
fly’s pupal case in 25-30 days (Melk and Govind 1999; Robertson et al. 2013).
Interestingly, there is an uneven distribution of blood cell lineages present in Drosophila
larvae, with the majority existing as plasmatocytes, the macrophage-like cells, at more than 90%
abundance. Other hemocyte populations like crystal cells, which can undergo melanization, and
lamellocytes which can encapsulate foreign bodies, can arise from the plasmatocyte population
by transdifferentiation (Jung et al. 2005; Meister & Lagueux 2003; Gold & Brückner 2016).
Previous studies have shown that parasite wasps can hijack the host’s immune system in
different ways. For instance, venom derived from the glands of Leptopilina heterotoma (Lh) or
its sister species L. victoriae results in apoptosis of plasmatocytes, whereas lamellocytes assume
a bipolar morphology and lyse. These cell-lethal effects are not observed for fly hemocytes
incubated with venom of L. boulardi (Lb) (Chiu & Govind 2002; Schlenke et al. 2007). In fact,
different wasps succeed on a different range of host species. Lh has been classified as a
generalist wasp because it can parasitize a wide range of Drosophila spp., while Lb is a specialist
wasp, as its host range is narrower, most prominently preying upon flies of the melanogaster
group (Schlenke et al. 2007). A potential explanation of the differential virulence may lie in
distinct composition of venom proteins and protein of virus-like particles (VLPs) produced in the
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venom gland (Colinet et al. 2013; Goecks et al. 2013; Heavner et al. 2013; Rizki & Rizki 1994;
Gueguen et al. 2011).
To gain an understanding of enzymatic components of Lh14 VLPs that might assist with
vesicle docking and fusion with the host’s plasmatocyte membrane we studied two putative
GTPase proteins encoded by cDNA clones 9A08 (a “small GTPase,” 311 amino acids in length)
and 2E04 (a “large GTPase,” 495 amino acids in length). We wished to identify the eukaryotic
cellular pathways/processes they are involved with. Therefore, a Synthetic Genetic Array (SGA)
was used where a query yeast strain containing a galactose-inducible plasmid with a 9A08sfGFP fusion protein was mated to strains from a deletion library of yeast with either a
hypomorphic allele of an essential gene, or a deletion of a non-essential gene (Baryshnikova et
al. 2010; Tong et al. 2001). Gene ontology enrichment of suppressors and enhancers from this
synthetic lethality screen suggested that 9A08 appears to play a role in cellular pathways of
retrograde transport vacuolar protein sorting among others. Both 9A08 and 2E04 proteins were
expressed in E. coli for additional functional analyses.
We also examined the effects of VLPs from one strain of L. heterotoma, Lh14, and
tracked their VLPs within host plasmatocytes. A polyclonal antibody against p40, one of the
most abundant VLP proteins present on spikes and spike tips (Chiu et al. 2006), and unique to
Lh, but absent from Lb (Govind lab, unpub.), allowed us to track the VLPs in different
subcellular compartments for protein trafficking in plasmatocytes after wasp attack.
Rab5 is a small GTPase associated with early endosomes, Rab7 is a small GTPase
associated with late endosomes which directs trafficking between late endosomes and lysosomes,
whereas Rab11 is associated with the recycling endosomal population (Bhuin & Roy 2014). In
an in vitro phagocytosis assay, RNA interference (RNAi)-mediated knock-down of Rab5, Rab7,
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and Rab 11 resulted in the failure of anterograde trafficking of bacterial bioparticles; although
the particles entered the plasmatocytes, they remained peripheral (Chan and Govind, unpub.).
Similar to the bioparticles, RNA interference-mediated knockdown of Rab5 and Rab 11, but not
Rab 7 protein prevented VLP trafficking within cells (Ramroop and Govind, unpub.)
Given the nature of plasmatocytes as macrophage-like cells, it is no surprise that uptake
of foreign bodies is occurring by an endocytic mechanism, and it was confirmed that the VLPs
do in fact get inside of this hemocyte population. We therefore set out to examine which
components of the endomembrane system VLPs are utilizing once inside of the plasmatocytes,
and does it make a difference if different time points post-infection are studied?
To ensure that we could visualize the different subcellular compartments, we used the
UAS/GAL4 system (Brand & Perrimon, 1993) to drive the expression of GFP-tagged
compartment-specific proteins in several organelles. We hypothesized that strong co-localization
of the p40 and organelle-specific signal could help elucidate not only the mechanism for how the
VLPs induce apoptosis, but the timing of when the cells were harvested seemed to play an
important role. Strongest co-localization of p40 with a GFP signal was Rab7 followed by an 11hour recovery time post-infection.
By identifying the precise nature of the wasp’s virulence factors and mechanisms by
which they act in the fly, this information can be used to understand how branches of the fly’s
innate immune system attempt to overcome the effects of venom proteins and VLPs. It is widely
known that mechanisms of innate immunity between the fruit fly and larger eukaryotic
organisms such as humans are highly conserved (Buchon et al. 2014; Govind & Nehm, 2004) so
there is great significance and implications for human health in recognizing immune responses
for pathogens which may activate similar cellular pathways.
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Methods and Materials
Synthetic Genetic Array and Analysis:
MATa strains of Saccharomyces cerevisiae from a deletion collection containing either
hypomorphic alleles of essential genes or deletions of non-essential genes were mated to a
MATα query strain containing a galactose-inducible plasmid (pRS425-GAL1) with an insert for
the wild type 9A08 gene fused to sfGFP. Uninduced controls were raised on glucose media. It is
important to note that the sequence of 9A08 was not cloned in its entirety because since this
protein comes from a eukaryotic system, it included a putative signal peptide, which typically
marks a protein for secretion outside of a cell. By excluding the signal peptide, it ensured
localization of 9A08 within the yeast cells throughout the duration of the experiment.
Scans of original plates were converted to black and white images using Photoshop
version 14.0 x64. Processed plates were scanned for colony size using the Rothstein Lab of
Columbia University’s Colony Measurement Engine (CME) plugin for ImageJ, followed by the
Screen Mill Suite Data Review Engine (Dittmar et al. 2010), with FunSpec (Robinson et al.
2002) used to classify data for gene ontology enrichment. To determine gene function, common
names of genes were searched on the www.yeastgenome.org database.
9A08 cloning, expression and Western analysis:
Internal primers containing a 5’Bam HI site and 3’ Kpn I site (Table 1) and 9A08 cDNA
from a standard cDNA library (Evrogen) which was contained in the pAL17.3 vector were used
to amplify the full length sequence (minus the signal peptide) by PCR using Taq polymerase
(gift from Dr. C. Li). The sequence was cloned into a pTrcHisA vector (Invitrogen) and
transformed first into competent DH5α cells (New England Biolabs) because of the endA1
mutation in this strain which significantly deceases endogenous endonuclease activity to ensure
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stability of inserted plasmid DNA. Potential clones were screened by colony PCR and selected
on the basis of the presence of the full-length cDNA (lacking the signal peptide) which was
between 750-800 bp as shown on a 1% agarose gel that was run at ~115V for one hour. Positive
clones containing the gene of interest were verified by Sanger sequencing (Genewiz), then
following a plasmid prep of the positive clones, they were transformed into BL21 competent
cells for protein expression, and cultured in LB media containing 100ug/ml Ampicillin.
pTrcHisA has the following properties: (trp-lac promoter) (Amann et al. 1983), an Nterminal peptide that encodes for a translation initiation codon, a series of six histidine residues
for metal binding in the translated protein, the bacteriophage T7 gene 10 translation enhancer,
and an enterokinase cleavage recognition sequence to remove the histidine tag.
Protein expression was induced by adding 1mM IPTG (Thermo Scientific) and a growth
curve was generated by collecting uninduced samples (1ml) at time point zero and induced
samples (1ml) every twenty minutes for ~3.5 hours, with cultures containing either pTrcHisA
with the 9A08 insert or the empty vector without insert. In addition, 10ml samples of cultures
were collected at time point zero and every hour for five hours following the addition of IPTG to
test for the presence of 9A08 protein production over time.
Following the induction, protein extracts were prepared by freeze/thaw (by submerging
microcentrifuge tubes with cultures in liquid nitrogen then placing them in a 42°C incubator) to
lyse BL21 E. coli cells in lysis buffer (10% TritonX, 150mM NaCl, 1mM EDTA and 50mM Tris
HCl, pH 6.8). Loading dye composition was 50mM Tris-HCl (pH 6.8), 5% SDS, 20% glycerol,
5% β-mercaptoethanol (Acros Organics) and 0.05% bromophenol blue. Separation of proteins
was done by SDS-PAGE (5% stacking gel and 12% resolving gel) and to ensure that equal
amounts of protein were loaded in all lanes, protein was quantified by a Bradford assay with a
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standard curve generated using BSA. After electrophoresis (~100V, 1.5 hours) fractionated
proteins were transferred onto a nitrocellulose membrane (HyBond, Amersham Life Science) at
~40V for 1.5 hours. Following the transfer step, the blot was blocked with PBS (pH 7.4)
containing 0.1% Tween 20, 5% nonfat dry milk and 3% BSA for 1 hour at room temperature. All
antibodies were diluted in block. Primary antibody mouse anti-His (Invitrogen, 1:1,000) was
added to blots at 4°C overnight, followed by secondary alkaline-phosphatase linked anti-mouse
antibody (Promega, 1:2,500) that was incubated with blots for 1 hour at room temperature.
Protein visualization occurred by incubating the blots in alkaline phosphatase buffer (NTM 9.5:
100mM Tris pH 9.5, 100mM NaCl, 50mM MgCl2) containing substrate (5ul of 25ug/ul NBT
(Biotium) per 1ml of NTM). Blots were rinsed in distilled water to cease color development. The
expected his-tagged 9A08 protein was estimated to be a size of 37.45 kDa (4.04kDa for the
histidine tag and 33.41 kDa for 9A08).
2E04 cloning:
Internal primers containing a 5’Bam HI site and 3’ Kpn I site (Table 1) and 2E04 cDNA
from a clone library (Evrogen) which was contained in the pAL17.3 vector were used to amplify
the full length cDNA (minus the signal peptide) by PCR using Taq polymerase (gift from Dr. C.
Li). The sequence was cloned into a pTrcHisA vector (Invitrogen) and transformed first into
competent DH5α cells (New England Biolabs) because of the endA1 mutation in this strain
which significantly deceases endogenous endonuclease activity to ensure stability of inserted
plasmid DNA. Potential clones were screened by colony PCR and selected on the basis of the
presence of the full length gene (-signal peptide) which was 1.5kb as shown on a 1% agarose gel
that was run at ~115V for one hour. Positive clones containing the gene of interest were verified
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by Sanger sequencing (Genewiz), then following a plasmid prep of the positive clones, they were
transformed into BL21 competent cells for protein expression.
Stocks, crosses and wasp infections:
Stocks and crosses of D. melanogaster were raised on standard fly media (cornmeal flour
65 g/L, dry brewer’s yeast (Sigma) 35g/L, sucrose 140g/L, and agar 10g/L) at 25°C. For
infections, from a 24-48 hour egg lay, late second instar larvae were subjected to infection by L.
heterotoma 14 (Lh14) (Schlenke et al. 2007). Ten “trained” female wasps were introduced to
larval hosts for twelve hours, after which wasps were removed and host larvae that developed to
the third instar stage were allowed to recover for 4.5-11 hours, depending on the fly strain that
was being tested. Uninfected controls followed the same growth regimen. Females from EaterGAL4 stocks were crossed to males from respective UAS-GFP stocks.
The Eater-GAL4 [eater-GAL4; +; +] strain was received from R.A. Schulz (Tokusumi et
al. 2009). The following stocks were obtained from the Bloomington Stock Center: UAS-Rab5GFP [w*; P{UAS-GFP-Rab5}3] (#43336) (Wucherpfennig et al. 2003), UAS-Golgi-GFP [w*;
P{UASp-GFP.Golgi}1] (#30902), UAS-Rab7-GFP [w*; UAS-Rab7-GFP/UAS-Rab7-GFP; +/+]
(Bellen, personal communication to FlyBase, FBrf0220067), UAS-Ggal/LYZ-GFP-KDEL GFP
(ER) [w*; P{UASp-Ggal\LYZ.GFP.KDEL}3/TM6B, Tb[1]] (#30903), UAS-LAMP-GFP [w*;
P{UAS-GFP-LAMP}2; P{nSyb-GAL4.S}3/T(2;3)TSTL, CyO:TM6B, Tb[1]] (#42714)
(Pulipparacharuvil et al. 2005).
To ensure that the GFP signal was present in the transgenic stocks, fluorescence was
monitored in late second-to-early third instar larval progeny on a Leica MZFL III microscope.
The KDEL and LAMP stocks featured a balancer chromosome which when present gave the
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animals a “tubby” morphology. When crossed with Eater-GAL4, the animals which were tubby
were GFP negative and selected against for analysis.
Immunocytochemistry:
Mid-third instar larvae were used in all antibody staining experiments. Larvae were
harvested from fly food and washed in distilled water, 70% ethanol, and 1x phosphate buffered
saline (PBS) pH 7.4 in this consecutive order. Fine forceps were used to dissect larvae from the
posterior end to allow hemocytes to bleed onto a glass microscope slide, and cells were dried for
1.5 hours at room temperature. Samples were then fixed with 4% paraformaldehyde prepared in
1x PBS, pH 7.4 for 15mn, permeabilized with PBS and Triton 1x (1x PBST) for 30 minutes, then
blocked with BSA 3% diluted in PBS for 30 minutes. Primary antibody mouse anti-p40 was
applied at 1:1000 (Chiu et al. 2006) and diluted in block at 4°C overnight. Following several
washes with PBS, secondary antibody (donkey anti-mouse TRITC, Jackson Immuno Research)
was diluted in block and applied at 1:200 for 2 hours at room temperature. Following several
washes, nuclear dye Hoechst 33258 (Invitrogen) was diluted at 1/500 in 1x PBS and incubated
with cells for 10 minutes. Plasmatocytes were visualized by their GFP expression driven by the
eater gene promoter (Tokusumi et al. 2009).
Confocal imaging:
Cells were imaged with a Zeiss laser scanning confocal microscope LSM 510. Infected
and uninfected images for a given cross were analyzed with the same software scan settings. The
uninfected control was subjected to the same treatment as the infected slide (identical protocol
with primary and secondary antibody added). Images were processed using Zeiss LSM image
browser and Zen lite 2012 software. Images were assembled using Microsoft PowerPoint 2010.
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Results
Yeast Synthetic Genetic Screen
The following genes were found to be classified either as activators or suppressors that
were in common in their respective categories from two separate yeast screens of the 9A08
experiment. Activators were defined as situations where the experimental colony for a given
deletion or mutation resulted in a smaller, sicker synthetic sick phenotype (in the presence of
galactose, wasp venom protein 9A08 was overexpressed) compared to the control (in the
presence of glucose, no or little 9A08 protein was produced). Suppressors were defined as when
the experimental colony resulted in a larger, less synthetic sick phenotype compared to its
respective control colony for a given essential hypomorphic allele or deletion of a non-essential
gene. According to the Rothstein Data Review Engine, a common bioinformatics software
program for analyzing yeast colony sizes from a Synthetic Genetic Array, the p-value for
statistical significance was defined as 0.238 or lower, and the minimal change in growth was
defined as a ratio of 2:1 for activators or 1:2 for suppressors.
Activators
Common Name
COQ1

Essential
No

p-value
0.2130

DCC1

No

7.910x10-6

COX9

Yes

0.1740

Function
catalyzes the first
step in ubiquinone
(coenzyme Q)
biosynthesis
required for sister
chromatid cohesion
and telomere length
maintenance
subunit VIIa of
cytochrome c oxidase
in the inner
mitochondrial
membrane
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CBS1

No

0.0600

MSS2

No

0.1960

PET122

No

0.0050

COX18

No

0.0570

ESP1

Yes

0.0180

PET54

No

0.0001

YHK8

No

0.0002

MET18

No

0.1601

MRT4

No

0.1319

COX12

No

0.0232

DCN1

No

0.0712

AEP1

No

0.0024

PGM2

No

0.1796

membrane protein
that interacts with
translating ribosomes
peripherally bound
inner membrane
protein of the
mitochondrial matrix
mitochondrial
translational activator
specific for the
COX2 mRNA
protein required for
membrane insertion
of C-terminus of
Cox2p
promotes sister
chromatid separation
mitochondrial inner
membrane protein
member of the 12spanner drug:H(+)
antiporter DHA1
family
component of
cytosolic iron-sulfur
protein assembly
(CIA) machinery
protein involved in
mRNA turnover and
ribosome assembly
subunit VIb of
cytochrome c oxidase
required for
cullin neddylation
and ubiquitin ligase
activation
protein required for
expression of the
mitochondrial OLI1
gene
phosphoglucomutase;
catalyzes the
conversion from
glucose-1-phosphate
to glucose-6phosphate
14

PET111

No

0.1792

SIP3

No

0.1701

VPS27

No

0.1692

PET494

No

0.0385

VPS21

No

0.2260

PET123

No

0.0007

TUF1

No

0.0527

MGM1

No

0.1370

COX11

No

0.0004

MSF1

No

0.1576

Essential
No

p-value
0.0014

RMD6

No

6.660x10-5

MOT2

No

7.420x10x-6

Suppressors
Common Name
STE50

mitochondrial
translational activator
specific for the
COX2 mRNA
has a probable role in
retrograde transport
of sterols from the
plasma membrane to
the ER
endosomal protein
that forms a complex
with Hse1p
mitochondrial
translational activator
specific for the
COX3 mRNA
endosomal Rab
family GTPase
mitochondrial
ribosomal protein of
the small subunit
mitochondrial
translation elongation
factor Tu (EF-Tu)
mitochondrial
GTPase
protein required for
delivery of copper to
Cox1p
mitochondrial
phenylalanyl-tRNA
synthetase
Function
adaptor protein for
various signaling
pathways
protein required for
sporulation
regulates levels of
DNA Polymerase{alpha} to promote
efficient and accurate
DNA replication
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RNR4

No

0.0001

CIK1

Yes

0.0738

FYV6

No

0.0469

ribonucleotidediphosphate
reductase (RNR)
small subunit
required for both
karyogamy and
mitotic spindle
organization
unknown function,
proposed to regulate
double-strand break
repair via nonhomologous endjoining

9A08 Protein Expression
The results of the Western blot showed that the his-tagged 9A08 protein was in fact being
produced by the vector upon induction with IPTG, as was detected by the anti-histidine antibody
and the positive signal in the expected region around 37 kDa (Figure 1). Only two bands were
visualized on the blot, one for the pellet and one for the supernatant extracts, with a more
prominent band being present in the lane for the supernatant extract. This suggested that once the
protein was being produced by the plasmid, the BL21 E. coli strain did not appear to sequester it
into inclusion bodies and its location within the bacterial cells was most likely cytoplasmic or
close to the inner membrane, such that when the cells were lysed with freeze/thaw, the protein
was liberated from the cells. Based on the results of the growth curve that was generated as the
samples were being collected during the induction (Figure 2), protein production did not appear
to have any adverse effects on growth of the culture, as the overall general trend in the graph
shows a steady increase in cell growth as indicated by the increasing readings at OD595 nm. In an
attempt to increase protein production, different concentrations of IPTG were tested. It was
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found that by increasing IPTG up to 3mM resulted in only slightly slower growth compared to
the standard 1mM used, but there were no other apparent major detrimental effects (Figure 3).
Compartment markers
Eater>Rab5 GFP
Several interesting observations were made for the infected cells compared to uninfected
following a five-hour recovery time. One of the most prominent was the much brighter GFP
signal consistently observed in uninfected samples relative to infected (Figure 4). In addition,
for infected cells that had many punctate, cytoplasmic p40 signals, the greater the amount of
VLPs that were present in the cells, the less GFP signal was observed. Co-localization of p40 and
GFP was sparse, occurring only in some cells.
Eater>Rab7 GFP
Two separate experiments were generated for this cross with disparate recovery times,
the first for 11 hours, and the other with 4.5 hours to recover. Given that Rab7 is a late endosome
marker, we wanted to see if in the case of the longer recovery time if there would be a greater
amount of p40 possibly co-localizing with the Rab7 GFP signal. Infected cells from the longer
period of recovery did in fact show co-localization of p40 and GFP, indicated as a yellow signal
(Figure 5). The amount of co-localization was heterogeneous from cell to cell, but we did not
observe such a signal in the infected cells from the shorter recovery time (data not shown). For
this particular staining, the uninfected control cells showed some background staining from the
secondary antibody treatment alone, so there was a red fluorescent signal for some of the cells
(Figure 5), however the pattern of staining was quite different compared to a positive, punctate
cytoplasmic p40 signal. The uninfected cells instead had a ring of red around the edge of the
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membrane that was not observed in the infected cells, which seemed to support that this was
simply a staining artifact.
Eater>Golgi GFP
Compared to the uninfected controls, no major differences were seen in terms of
organelle morphology or GFP fluorescence intensity (Figure 6). Following a five-hour recovery
time, there were many plasmatocytes marked by the presence of internalized VLPs with a red
fluorescent spherical, cytoplasmic, punctate morphology, which is typical for this p40 staining in
this cell hemocyte subtype (Govind lab, unpublished). However, it was interesting to note that
there was no overlap in the green and red signals, which indicated that for this particular time
point for which the cells were harvested and stained, there was no co-localization with p40 and
the Golgi apparatus. From this observation we conclude that while the Golgi is known to play a
prominent role in anterograde transport for viral proteins (Spooner et al. 2009), it does not
appear to be targeted by VLPs or VLP proteins. Alternatively, it is possible that VLP-Golgi
interaction in plasmatocytes is transient and was not captured in this experiment.
Eater>KDEL (ER) GFP
We were surprised to observe “pockets” of VLP signals sequestered to GFP-negative
areas in plasmatocytes from infected animals following a five-hour recovery. The GFP signal in
the uninfected cells was more diffuse and remarkably distinct from the signal in infected cells.
(Figure 7). This observation suggests that while VLPs may not transit via the ER, they somehow
modify its architecture. As expected, cells from the tubby larvae did not express GFP, validating
the genotypes of control and experimental class animals (Figure 8).
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Eater>LAMP GFP
The LAMP1-eGFP fusion protein marks the lysosomes, but its residence is not exclusive to
lysosomes (Pulipparacharuvil et al. 2005). After a five-hour recovery, we again observed VLPs
in the cells as indicated by red punctate intracellular staining which did not overlap with the GFP
signal. (Figure 9). One interpretation of this lack of coincidence of GFP and p40 signal is that
LAMP-GFP signal is downregulated in lysosomes because it is targeted for degradation by acid
hydrolases. Alternatively, the time point in this experiment did not capture the localization of
VLPs and lysosomes. As was expected, animals which exhibited a tubby phenotype showed GFP
negative plasmatocytes that took up p40 upon infection (Figure 10).
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Discussion
Synthetic Genetic Array
A total of 32 candidate yeast genes were identified in common from two separate SGA
screens which appear to have an interaction with 9A08. The most interesting candidates in
relation to 9A08’s role as a GTPase include genes related to vacuolar protein sorting (VPS21,
VPS27), retrograde signaling (SIP3) and a mitochondrial GTPase (MGM1). There is data from a
third screen that will be compared in relation to these findings.
9A08 and 2E04 Protein Expression
9A08 protein can be expressed in BL21 E. coli cells. We can now utilize the pTrcHisA
vector for protein expression and purification via high affinity of the N-terminal 6x histidine tag
with nickel. This will be followed by the cleavage of the polyhistidine tag by enterokinase.
Purified protein will be used to generate antibodies which will allow us to track the presence of
this VLP-derived enzyme in the host plasmatocytes and lamellocytes after natural wasp
infection.
We are taking the same steps for 2E04 protein production and purification. We have
cloned 2E04 into pTrcHisA and expression studies are ongoing.
Compartmental markers study
In our studies, we observed VLPs surrounding an Lh14 wasp egg from an infected animal
(Figure 11) and addressed the question as to how these entities produced in the wasp transit
within plasmatocytes. The data generated from this study marks the first time that VLPs of Lh14
were tracked in different endomembrane system compartments of D. melanogaster
plasmatocytes following infection. Significant results are as follows: First the GFP fluorescence
intensity of the Eater>Rab5, Rab7-GFP plasmatocytes in infected compared to uninfected
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animals. Changes in gene transcription patterns in Drosophila following an attack by different
species of parasitiod wasps have been observed previously (Wertheim et al. 2005; Schlenke et al.
2007). A reduction in GFP signal in hemocytes of infected animals could be due to the
downregulation of the eater promoter being turned down in response to infection, a prediction
that can be tested in in situ hybridization experiments.
Second, the kinetics in an in vivo study centered on cell physiology in response to
infection are important to consider. This is evident from prominent co-localization of p40 with
Rab7 when recovery time following infection was longer and not when animals were allowed to
recover for less time. Since we did not observe a similar co-localization with Rab5, Golgi, ER or
lysosomal compartment markers, it is possible that the recovery times for these compartments
were not optimal to capture co-localization and most VLPs had either already transited through
the early endosome population or had not reached the subsequent destinations yet.
Third, at least some cellular compartments (such as the ER or Golgi) may themselves be
affected by VLPs. Overall, however, our data (both from unpublished RNAi experiments and
localization studies here) support the conclusion that compartments of the canonical eukaryotic
endocytic mechanism, where a small portion of the membrane is pinched off to accept incoming
cargo into the cell, are utilized for VLP uptake. Additional confocal staining experiments with
(a) varying recovery times, and (b) additional compartment markers will further elucidate the
endocytic mechanism of VLP uptake in plasmatocytes. Other complementary approaches such as
electron microscopy and STORM will provide higher resolution to address these questions.
The findings from this investigation have led to very interesting novel discoveries as we
examined the basis for how the virulence factors of Lh14 are making their way into host cell
hemocytes, and how they are interacting with host cell machinery once inside. There is still
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much to uncover with respect to the many players involved in this process, and their roles in how
and why they contribute to the parasitic success of Leptopilina heterotoma in destroying D.
melanogaster hemocytes.
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Tables
Table 1 Cloning strategies for inserting Lh14 VLP-associated proteins 9A08 and 2E04 into the
expression vector pTrcHisA.
Template and
Primers (5’ to 3’)
PCR Conditions
Reference
Purpose
cDNA 9A08
template
Full length 9A08
(minus signal
peptide) Lh14
VLP protein
sequence to clone
into
pTrcHisA
cDNA 2E04
template
Full length 2E04
(minus signal
peptide)
Lh14 VLP protein
sequence to clone
into
pTrcHisA

ForwardGGTCTTGGATCCCAGGA
CTGTGTGCTTATTCT

35 cycles
Tm=55°C

This study

Forward31 cycles
CCGTGGGGATCCAAAAATA Tm=62°C
TCGATAGAATGTCATTAATG

This study

Reverse-CAAAGAGGTACC
TTATTCTTTGTGCATCAA
ATCATTAAAG

ReverseGAGACCGGTACCTTAATT
CCCACAGTTTATAGT
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Figures

Figure 1. The top panel shows the Western blot from the induction experiment after 9A08 was
placed in pTrcHisA in BL21 E. coli cells. EV represents the empty vector, the condition where
BL21 cells contained an empty pTrcHisA vector without the 9A08 insert. 9A represents
pTrcHisA with the 9A08 insert. UI stands for uninduced, or samples collected at time point zero
prior to adding IPTG. Other samples represented on the blot are from induced samples collected
at 3 or 4 hours following the addition of IPTG. P and S represent pellet and supernatant samples
harvested following the lysis of BL21 cells following the induction experiment. The bottom
panel in blue is the SDS-PAGE gel to show successful transfer of proteins from the gel to the
blot.
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Figure 2. Samples were collected at 20 minute intervals during the pilot expression/induction
experiment to determine if 9A08 production had any adverse effects on E. coli growth.
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Figure 3. Samples were collected at 20 minute intervals during a second expression/induction
experiment to determine if increasing IPTG which may increase 9A08 production, and if these
changing conditions had any adverse effects on E. coli growth.
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Figure 4. p40 localization in plasmatocytes of D. melanogaster following infection with
Lh14 or uninfected control. These cells were derived from the cross with Eater-GAL4 and
UAS-Rab5-GFP flies to drive expression of GFP in plasmatocytes. The arrow points to a colocalization of VLPs present in an early endosome.
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Figure 5. p40 localization in plasmatocytes of D. melanogaster following infection with
Lh14 or uninfected control. These cells were derived from the cross with Eater-GAL4 and
UAS-Rab7-GFP flies to drive expression of GFP in plasmatocytes. The arrows point to a
co-localization of VLPs present in late endosomes. No co-localization was observed for a
shorter post-infection recovery (data not shown).
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Figure 6. p40 localization in plasmatocytes of D. melanogaster following infection with
Lh14 or uninfected control. These cells were derived from the cross with Eater-GAL4 and
UAS-Golgi-GFP flies to drive expression of GFP in plasmatocytes.
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Figure 7. p40 localization in plasmatocytes of D. melanogaster following infection with
Lh14 or uninfected control. These cells were derived from the cross with Eater-GAL4 and
UAS-KDEL (ER)-GFP flies to drive expression of GFP in plasmatocytes.
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Figure 8. p40 localization in plasmatocytes of D. melanogaster following infection with
Lh14 or uninfected control. Tubby larvae did not exhibit a GFP signal in their
plasmatocytes.
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Figure 9. p40 localization in plasmatocytes of D. melanogaster following infection with
Lh14 or uninfected control. These cells were derived from the cross with Eater-GAL4 and
UAS-LAMP-GFP flies to drive expression of GFP in plasmatocytes.
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Figure 10. p40 localization in plasmatocytes of D. melanogaster following infection with
Lh14 or uninfected control. Tubby larvae did not exhibit a GFP signal in their
plasmatocytes.
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Figure 11. Egg of Lh14 extracted from an infected D.
melanogaster larva, stained with Hoeschst and surrounded by p40+
VLPs shown by the red arrow.
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